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Summary. Photosynthetic characteristics and transpiration
of Yucca brevifolia, an evergreen tree endemic to the Mojave
Desert of California and Nevada, were examined in the
field and the laboratory. Yucca brevifolia was confirmed
to be a C, plant, with no CAM tendencies observed for
its semi-succulent leaves. The species exhibited a maximum
net CO, uptake of 12 pmol m~2 s~ ! at 22° C when grown
at day/night air temperatures of 31°C/17°C (data ex-
pressed on a total area basis for these opaque leaves). The
optimum temperature for CO, uptake shifted 4.5° C per
10° C change in daytime growth temperature, so that ob-
served leal temperatures in the field were near optimum
temperatures throughout the midday period in all but the
hottest months of the year. Leaves also acclimated to low
and high temperature extremes, tolerances ranging to
—11° C and to 59° C, respectively, suggesting that low tem-
peratures limit the distribution of Y. brevifolia but high tem-
peratures do not. Light saturation of photosynthesis oc-
curred at a relatively low PAR of about 500 pmol m~2s™ 1,
similar to the actual PAR within a rosette. Diurnal patterns
of leaf conductance shifted from a broad midday peak in
wet seasons to a reduced, narrow, early morning peak in
the dry season, indicating effective stomatal control of
water use. The approximately 5-month-long winter-spring
growth season accounted for 80% of the yearly CO, up-
take, with a predicted annual uptake of about 22 mol m~?
y~1 and a transpiration ratio of 700.

Introduction

Yucca brevifolia Engelm. var. brevifolia, commonly known
as the Joshua tree, is a monocotyledonous evergreen tree
considered to be the most characteristic plant of the Mojave
Desert of North America (Benson and Darrow 1981). It
forms dense “forests™ over much of its range, and is the
largest non-riparian plant of the Mojave Desert, reaching
a height of up to 15 m (Munz 1974). Numerous narrow,
but thick, linear leaves are borne in large rosettes which
occur at the apex of the trunk or its branches. The leaves
are evergreen, though little is known about their longevity.
The large leaf surface area maintained throughout the year
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in some of the driest habitats in North America suggests
that Y. brevifolia is well adapted to seasonal water stress.
The species produces large quantities of fruit in wet years
and could become a commercially important source of both
seed oil and sapogenins from native stands or orchards
(Gentry 1980).

Yucca brevifolia has been placed within the Agavaceae
(Munz 1974) and the Liliaceae (Benson and Darrow 1981).
It is closely related to a number of evergreen rosette species
in the deserts of North America belonging to the genera
Agave, Dasylirion, and Nolina. All of these species possess
an evergreen rosetie that lives for several to many years
prior to the formation of a terminal inflorescence. In Y. bre-
vifolia, branching occurs at the sites where the inflores-
cences are produced, eventually leading to a multi-rosette
plant with a distinct tree-like form.

Until recently, little has been known about the physiol-
ogy of Yucca species or their photosynthetic pathways. It
has been assumed that Yucca species were Crassulacean
acid metabolism (CAM) plants (Bender et al. 1973; Syvert-
sen et al. 1976), with Johnson (1975) listing Y. brevifolia
as a CAM plant. However, a recent study of evergreen
rosette plants from the Chihuahuan Desert (Kemp and
Gardetto 1982) has indicated that narrow-leaved yuccas are
C,, while the broad-leaved, more succulent yuccas exhibit
CAM similar to agaves (e.g., Szarek and Troughton 1976;
Nobel and Hartsock 1978). Our study confirms that Y. bre-
vifolia exhibits C; photosynthesis, and also attempts to
quantify photosynthesis and transpiration of the species as
a function of various environmental parameters. In addi-
tion an assessment was made of the scasonal and yearly
productivity and transpiration of Y. brevifolia. Its relatively
large size and presumably old age in communities essen-
tially devoid of other large plant species suggests that
Y. brevifolia is quite tolerant to temperature extremes, and
so a secondary objective of this study was to ascertain envi-
ronmental limits on the distribution of the species by exam-
ining its tolerances to high and low temperatures.

Materials and methods

Plants

Field studies were conducted in Lost Horse Valley, Joshua
Tree National Monument, California, at 34°02'N latitude,
116°09°'W longitude, 1,355 m elevation. The site is a gently
sloping alluvial fan with sandy soil. Although Y. brevifolia



was the most conspicuous plant on the site, vegetation cover
was dominated by a perennial grass (Hilaria rigida) and
several small shrubs (primarily Coleogyne ramosissima, Er-
iogonum fasciculatum, and Gutierrezia microcephala). A
non-branched individual plant was selected for the majority
of field measurements, although other plants were periodi-
cally monitored for comparative purposes. Leaf area of the
study plant was based on the total number of green leaves
and the area of individual sampled leaves, which was mea-
sured with a Lambda Instruments LI-3000 portable leaf
area meter. Chlorophyll was extracted separately from each
surface of fresh leaf cores and assayed in 80% acetone/20%
water (v/v). Dry weight was determined after drying leaves
at 80° C for 48 h.

For laboratory studies, four-year-old 0.5-m-tall plants
of Y. brevifolia germinated from seed collected at the U.S.
Department of Energy Nevada Test Site in southern Ne-
vada were utilized in the gas exchange measurements, while
young 1.0-m-tall Y. drevifolia transplanted from near the
field site were utilized in the temperature tolerance experi-
ments. Experimental plants were grown individually in
equal mixtures of sand and desert soil in growth chambers
programmed for 14-h days and several thermal regimes.
Photosynthetically active radiation from 400 to 700 nm
(PAR) averaged 450 ymolm™2?s™* (23 molm~?d"?!) on
the adaxial leaf surfaces and 300 pmolm™%s™!
(15molm~?d~*) on the abaxial surfaces, and was pro-
vided by cool-white fluorescent lights supplemented with
tungsten filament lamps. The relative humidity in the
chambers was 40 +10% during the daytime and 60+ 10%
at night, and the wind speed averaged 0.3 ms~!. Plants
were watered weekly with 0.1 strength Hoagland’s no. 1
solution plus micronutrients so that the soil water potential
near the roots was —0.240.1 MPa.

Gas exchange

Net photosynthesis and leaf water vapor conductances were
measured in the laboratory in a modified Siemens null-point
compensating closed-circuit flow system (Nobel and Hart-
sock 1978). Carbon dioxide concentrations were determined
with an Anarad AR-500R infrared gas analyzer and water
vapor concentrations with a Cambridge Systems EG &
G 880 dewpoint hygrometer. Two entire attached leaves
were sealed into an assimilation chamber containing
340 ul 17 CO, and 10 g m ™3 water vapor in air. PAR nor-
mal to the planes of the leaves was adjusted to be approxi-
mately equal for adaxial and abaxial surfaces. The water
vapor conductance equaled the net rate of water loss per
unit total leaf surface area divided by the water vapor con-
centration drop from leaf to air; total leaf surface area
was used for Y. brevifolia, due to its thick opaque leaves.
The CO, residual conductance equaled the net rate of CO,
uptake per unit total leaf surface area divided by the CO,
concentration in the intercellular air spaces just interior to
the stomata (Nobel and Hartsock 1979). PAR and tempera-
ture responses were determined for plants grown for two
weeks in three different day/night growth temperatures:
20° C/9° C, 31° C/17° C and 40° C/25° C, representing the
maximum/minimum air temperatures at the study site in
late winter, late spring, and mid-summer, respectively.
Leaf conductance to water vapor was determined in the
field throughout whole days on a bimonthly basis, com-
mencing in November 1981. Measurements were made us-
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ing a Lambda Instruments LI-60 diffusive resistance poro-
meter with an LI-20S sensor (calibrated prior to each set
of measurements) and with a Lambda Instruments LI-1600
steady state porometer. The water vapor content of the
air was determined with a Weather Measure H311 hygro-
thermograph. Leaf temperature was measured with an
Everest Interscience 210 infrared thermometer with a
4.5 mm diameter focus. Leaf transpiration was defined as
the leaf water vapor conductance times the water vapor
concentration difference from leaf to ambient air, assuming
that the air inside the leaf was saturated with water vapor
at the leaf temperature. Daily transpiration was the mean
leaf transpiration for 12 leaf surfaces (6 adaxial and 6 ab-
axial) determined approximately hourly and integrated
diurnally. Leaf osmotic potentials were obtained by placing
a small amount of macerated chlorenchyma tissue in a Wes-
cor C-52 leaf chamber used in conjunction with a Wescor
HR-33T dewpoint microvoltmeter. Soil water potentials
were monitored in the vicinity of the test plant at 10 and
40 cm depths with Wescor PT 51-05 soil thermocouple psy-
chrometers (in triplicate at each depth). Measurements of
leaf osmotic potential and soil water potential were made
at dawn.

PAR interception by the single-rosette test plant was
determined in the field with a Lambda Instruments LI-190S
quantum sensor. Four leaves, one in each cardinal direc-
tion, were tagged in each of three rosette whorls (upper,
middle, and lower). PAR was measured hourly at midleaf
in the plane of each tagged leaf for both adaxial and abaxial
surfaces, thus giving incident PAR for 24 leaf surfaces per
measurement period.

Thermal tolerance

Thermal tolerances of Y. brevifolia were examined by sub-
jecting leaves to high and low temperature treatments for
plants maintained under stepwise increasing day/night air
temperatures. After two weeks at 15° C/5° C, the heat and
cold tolerances were tested, and then the growth tempera-
tures were raised by 15° C. High temperature treatments
were done by immersing detached leaves at least 6 cm long
(wrapped in plastic) in waterbaths with temperatures rang-
ing from 25° C to 65° C (£ 0.2° C) for one hour, after which
the leaves were cooled to 25° C before assaying for heat
damage. L.ow temperature treatments were done by placing
detached leaves in a deep freeze (Revco ULT-385A) and
lowering the air temperature by 2° C/h. Leaves were re-
moved hourly (i.e., at 2° C intervals), warmed in air to
23° C, and then assayed for cold damage.

Thermal tolerance of the leaf photosynthetic machinery
was ascertained by determining the temperature at which
the chlorophyll fluorescence yield was substantially in-
creased (Schreiber and Berry 1977). Chlorophyll fluores-
cence induction kinetics were determined at 23° C with a
Brancker Research SF-20 fluorometer. Thermal tolerance
of cellular membranes was evaluated by measuring the per-
centage of chlorenchyma cells that took up a stain (neutral
red), which is accumulated in the vacuoles of living cells
only (Onwueme 1979). For each test at least 500 cells in
the upper 5 cell layers of the chlorenchyma were examined
per leaf on 10 fresh sections 1 to 2 cell layers thick (70 pm)
at a magnification of 400 x using a Zeiss phase-contrast
research microscope. Fresh sections were placed in 0.3 mM
(0.01% by weight) neutral red (3-amino-7-dimethyl-amino-



12

2-methylphenazine (HCIl)) for 5 min prior to observation.
Thermal tolerance for staining was defined as the tempera-
ture at which a 50% reduction occurred in the percentage
of cells taking up neutral red relative to controls.

Results

Morphology, microclimate, and PAR interception

Morphological parameters for the single-rosette plant of
Y. brevifolia on which leaf conductance and PAR intercep-
tion measurements were made are presented in Table 1. The
plant had 560 evergreen opaque leaves arranged in a rosette
occurring above a 0.5 m leafless trunk. The rosette pro-
jected onto approximately 0.09 m? of ground area, resulting
in a conventional leaf area index (one side) of 9.1. The
fresh to dry weight ratio (in September 1982) was
2.0740.02. On the experimental plant, the uppermost 11%
of the leaves were oriented within 30° of vertical, the middle
83% were oriented at 30° to 60°, and the lowermost 6%
were within 30° of horizontal. Individual leaves apparently
remain green at least 4 years, and increase in specific leaf
weight and chlorophyll content as they age (Table 1). Chlo-
rophyll content was slightly, but not significantly, higher
for the abaxial surfaces.

The maximum/minimum air temperatures, monthly pre-
cipitation, soil water potentials, and leaf osmotic potentials
during the measurement period are presented in Fig. 1. The
Mojave Desert typically has moist winters and a dry spring,
with late summer precipitation usually occurring. The
1981-1982 season was typical of the above pattern, as the
yearly precipitation of 100 mm was distributed approxi-
mately equally for the January to May (45 mm) and July
to September (55 mm) periods. January and March rainfall
resulted in moist soils well into the spring at both 10 and
40 cm depths (Fig. 1). Soils began drying appreciably in
May, and soil water potential dropped rapidly thereafter,
becoming less than — 6.0 MPa at both depths by mid-July.
Summer rainfall commencing in late July wetted the soil
at 10 cm, but not at 40 cm, for the September measurement
period. Leaf osmotic potentials reflected seasonal variation
in soil water potentials (Fig. 1) and were similar to water
potentials for other non-succulent yuccas (Kemp and Gar-
detto 1982). Leaf osmotic potential appeared to remain
above soil water potential for a substantial period of the
year, from early- or mid-summer to the start of the winter
rains.

Ambient PAR and canopy PAR interception are given
for three representative times of the year in Fig. 2. Leaf
PAR interception averaged for each side of the opaque
leaves exceeded 50% of the PAR incident on a horizontal
surface at the beginning and end of the day. At midday,
leaf PAR interception averaged 35% of horizontal PAR
in November and about 28% in March and July. The ten-
dency for leaves to become progressively more horizontal
with age (and located farther down in the rosette), together
with a non-overlapping leaf arrangement in successive
whotls, results in effective light penetration into the rosette,
even during times of high solar elevation. In March, total
daily PAR incident on a horizontal surface was
43.2 mol m~? d" ! on a clear day. The total daily PAR aver-
aged for both sides of the leaves was 15.1 molm~2d"~!
in the upper canopy, 9.3 molm~2d ™! in the middle can-
opy, and 8.5mol m~2d ! in the lower canopy. The per-

Table 1. Morphological characteristics of the young Y. brevifolia
with a single rosette, which was used in the field analyses. Measure-
ments were made on 15 September 1982. Leaf properties are based
on a sample size of 30 (4 for chlorophyll measurements) and are
expressed as mean+1 SD

Plant and rosette properties

Plant height 1.32m
Rosette
length 0.82m
diameter 0.34m
dry weight 0.95kg
Number of leaves 560
Total leaf area (both sides) 1.66 m?
Leaf properties
Length 164 + 13 mm
Width (midlength) 8.1 £0.6 mm
Thickness (midlength) 3.94+0.11 mm
Surface area (one side) 0.00148 +£0.00017 m?

Specific weight (dry)
upper part of rosette
middle of rosette
lower part of rosette
Chlorophyll
young leaf, adaxial surface

1.034+0.03 kg m~2
1.174+0.03 kg m™?
1.304+0.05 kg m~?

386+71 mgm™2

young leaf, abaxial surface 420+80 mg m ™2

old leaf, adaxial surface 510+36 mgm~?

old leaf, abaxial surface 556+ 68 mgm ™2
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Fig. 1A, B. Climatic and water potential measurements in the field
for various times during the year: A daily mean maximum and
minimum air temperatures, and monthly precipitation; and B soil
water potential at 10 cm and 40 cm depths, and leaf osmotic poten-
tial for each measurement date

centage of total leaf PAR intercepted by the adaxial surface
was 62% in the upper canopy, 48% in the middle canopy,
and 52% in the lower canopy.

Leaf conductance

The daily patterns of leaf conductance to water vapor at
various times of the year are presented in Fig. 3. At no
time was any appreciable nocturnal stomatal opening ob-
served. Maximal stomatal opening (leaf water vapor con-
ductance above 4 mm s~ 1) was observed from January to
May, after which soil water potential was very low (see
Fig. 1). By May, partial stomatal closure occurred by mid-
day and continued through the afternoon, when the water
vapor pressure deficit was greatest. However, maximal leaf
conductance (at 0800) was comparable in May to that ob-
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Fig. 2A, B. PAR incident on a horizontal surface (A) and the mean
intercepted by individual leaf surfaces of a rosette (B) at three
times during the study period: 17 November 1981, 23 March 1982,
and 13 July 1982. Interception data are averaged for both sides
of individual leaves and over the whole canopy, and are expressed
as a percent of the PAR incident on a horizontal surface for the
various dates
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Fig. 3. Diurnal changes in water vapor conductance of Yucca brevi-
Sfolia at various times

served in January and March (Fig. 3). By July, when water
stress was apparently at its seasonal peak (see Fig. 1), sto-
matal closure was essentially complete, with only a slight
early morning opening. Somewhat higher soil and leaf water
potentials in September (Fig. 1) resulted in moderate stoma-
tal opening, although after midday leaf conductance re-
mained below 0.4 mm s™*. As in July, the very dry period
in November resulted in only brief stomatal opening in
the morning (Fig. 3).
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Fig. 4A, B. Water vapor conductance for various leaf surfaces on
18 May 1982: A water vapor conductance of the small plant (see
Fig. 3) for different leaf ages (young, from upper part of rosette;
and old, from lower part of rosette) and adaxial versus abaxial
surfaces; and B mean water vapor conductance for the young,
single-rosette plant compared to a rosette from a tree with 45 ro-
settes

Leaf conductance varied with leaf age, plant age, and
surface orientation. In May, leaf conductance was more
than two-fold higher for young leaves than old leaves dur-
ing the peak activity period in the morning (Fig. 4 A). This
was largely due to higher PAR interception by the young
leaves, although at the same PAR older leaves had some-
what lower conductances. Within an age class, the adaxial
surfaces exhibited slightly higher conductances through
most of the day, although abaxial surfaces had higher con-
ductances in the early morning and late afternoon, suggest-
ing that incident PAR levels were the causative factor of
these differences. Very similar results were obtained during
the January observation period (data not shown). A com-
parison of the young plant rosette with the rosettes from
a large tree during the May observation period (Fig. 4B)
shows an approximately 4-h period of nearly complete sto-
matal closure for the tree compared to only partial closure
at this time for the young plant. The absence of similar
reductions earlier in the year may have been related to the
production of flowers and fruits in May.

Photosynthesis and transpiration

The light responses of net photosynthesis for plants grown
under low (20° C/9° C), moderate (31° C/17° C), and high
(40°/25° C) day/uvight growth temperatures are shown in
Fig. 5. Yucca brevifolia exhibited light saturation at a PAR
of approximately 400 pmol m ~? s~ ! for the low and high
temperature regimes, but at about 600 pmol m ™2 s~ * at the
moderate temperature regime. Thus, Y. brevifolia exhibited
light saturation at about 25% of maximum midday irra-
diance on a horizontal surface in the Mojave Desert.

The temperature responses of net photosynthesis, water
vapor conductance, and CO, residual conductance in
Y. brevifolia are presented in Fig. 6. The photosynthetic
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Fig. 6 A—C. Effect of leaf temperature on net CO, exchange (A),
water vapor conductance (B), and CO, residual conductance (C)
at three growth temperatures (see Fig. 5). Measurements were
made at light saturation (on both leaf surfaces) for each tempera-
ture regime

temperature optimum shifted from 17° C at the low temper-
ature regime to 22° C at the moderate regime to 26° C at
the high temperature regime. This represents a 4.5° C shift
per 10° C change in daytime growth temperature and was
accounted for primarily by a shift of the temperature depen-
dence of the CO, residual conductance (r=0.98 for all three
growth temperatures analyzed together). Water vapor con-
ductance was greatest at the lowest ambient temperatures
tested at each growth temperature, except at the moderate
temperature regime, where the optimum occurred at slightly
over 20° C. Plants grown at the moderate temperature re-
gime had the highest net photosynthesis of 12.0 pmol
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Fig. 7. Estimated daily net CO, uptake and transpiration for each
field observation date

m~2s~! versus a maximum of 9.6 pmolm~? s~ ! for the

low temperature regime and 8.5 pmol m ™2 s~ ! for the high
temperature regime. These plants also exhibited the highest
net photosynthesis rate from 17° C to 32° C, and the highest
CO, residual conductance from 17° C to 37° C. At 25°C,
plants grown at the moderate temperature regime exhibited
a net CO, uptake rate that was approximately 60% and
80% higher than that observed in the low and high tempera-
ture regime plants, respectively. Similarly, from 15°C to
40° C, the moderate temperature plants averaged 64% and
69% higher photosynthetic rates than did the low and high
temperature plants, respectively.

Utilizing gas exchange data from the laboratory in con-
cert with leaf conductances and microclimatic parameters
from the field, the photosynthetic productivity and transpir-
ational water loss of Y. brevifolia was estimated over a one-
year period (Fig. 7). Leaf temperatures obtained in the field
were used to predict residual CO, conductance (from
Fig. 6). Water vapor conductances measured in the field
for each leaf surface were then used to calculate the net
CO, exchange, which was adjusted for the PAR incident
on each leaf surface (using the photosynthetic responses
in Fig. 5). Transpirational water loss was determined from
water vapor conductances, measured leaf and air tempera-
tures, and relative humidity for each measurement time.
Net photosynthesis and transpiration rates, averaged over
the whole canopy, were integrated from hourly data to ob-
tain daily values (Fig. 7). Based on this analysis, which ig-
nored nocturnal respiration, photosynthetic production was
predicted to be greatest during the winter and spring wet
season, with 80% of the seasonal CO, uptake occurring
from January through May. Transpiration rose gradually
from January to May, then dropped markedly during the
subsequent periods of water stress. Stomatal control in Sep-
tember and November resulted in lower transpiration ratios
(580 and 460 mol H,0 mol~! CO,, respectively) than in
the more productive months of March and May (720 and
970, respectively). The extremely low leaf conductances ob-
served in July make a prediction of transpiration ratio sub-
ject to large errors, so that the high estimated value of
1,630 may not be realistic. The lowest transpiration ratio
of 390 was observed in January, when the highest seasonal
water vapor conductances occurred in concert with moder-
ate temperatures and low water vapor pressure deficits.
When integrated over the whole year, the plant examined
in this study had a predicted CO, uptake of
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Temperature tolerances

The tissue temperature tolerances of Y. brevifolia and its
ability to acclimate to changing growth temperatures were
examined in the laboratory. High temperature tolerances
were 57° C for the chlorophyll fluorescence rise and 59° C
for stain uptake by mesophyll cells in plants grown at the
highest day/night air temperatures employed, 45° C/35° C
(Fig. 8). Acclimation to increasing growth temperatures
from 15° C/5° C to 45° C/35° C averaged 2.8° C and 3.1°C
per 10° C increase for chlorophyll fluorescence and stain
uptake, respectively. Low temperature tolerances were
—6° C for the chlorophyll fluorescence rise and —11° C
for stain uptake in plants grown at the lowest day/night
air temperatures, 15°C/5° C. Acclimation to decreasing
growth temperatures from 45° C/35° C to 15° C/5° C aver-
aged 0.6° C per 10° C decrease for chlorophyll fluorescence
and 0.7° C per 10° C decrease for stain uptake (Fig. 8).

Discussion

Yucca brevifolia utilizes the C; pathway of photosynthesis,
as has also been concluded from carbon isotope ratio analy-
sis (Smith and Madhaven 1982). The species has both light
and temperature responses typical of C, plants, and was
here observed to have strictly daytime stomatal opening
under all temperature regimes and water stress conditions.
The maximum net CO, uptake rate was 12 ymolm ™2 s~ !
based on total leaf area (both sides; Fig. 6). This is about
double that observed for other C; monocotyledonous ro-
sette species from the Chihuahuan Desert (Kemp and Gar-
detto 1982) and other desert shrubs (Szarek and Wood-
house 1976, 1978), although similar to that observed for
the most common North American desert evergreen, Larrea
divaricata (L. tridentata; Mooney et al. 1978; the conven-
tional rate is based on one leaf side only, and so it must
be halved to compare with data based on total leaf area
used here).
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Photosynthesis in Y. brevifolia saturates at a relatively
low PAR of 400 to 600 umol m~? s~ * (Fig. 5). In contrast,
saturation does not occur until PAR levels approach full
sunlight (about 2,000 pmol m ™2 s~ %) for many other C,
desert perennials, such as Encelia farinosa (Cunningham
and Strain 1969) and Larrea divaricata (Reynolds et al.
1979). The low light saturation of photosynthesis in Y. bre-
vifolia may be related to its rosette morphology, in which
a relatively high leaf area index is maintained by a regular
sequence of near-vertical leaf angles at the top of the rosette
to near-horizontal at the bottom. At a high leaf area index,
a canopy with vertical leaves in the upper layers and hori-
zontal leaves below can optimize light utilization (Duncan
1971; Monsi et al. 1973). This pattern was observed here
and resulted in a relatively even distribution of PAR
throughout the canopy at most angles of solar elevation,
as has also been observed in the rosettes of Agave deserti
(Woodhouse et al. 1980). For the March PAR interception
data (Fig. 2), an average of 35%, 21%, and 20% of the
total daily PAR on a horizontal surface was intercepted
by each leaf surface in the upper, middle, and lower parts
of the Y. brevifolia rosette, respectively. Indeed, PAR inter-
ception added for both leaf surfaces is higher than that
received on a horizontal surface at the beginning and end
of the day (Fig. 2B). Other desert species, such as Atriplex
hymenelytra (Mooney et al. 1977), also have steeply angled
leaves and a low photosynthetic light saturation, suggesting
that it may be a common adaptation in the high light envi-
ronment of deserts. Other C; monocotyledonous rosette
species may also have relatively low photosynthetic light
saturation, as they tend to have a canopy architecture simi-
lar to Y. brevifolia and large leaf area indexes.

Yucca brevifolia exhibited one main peak in leaf diurnal
water vapor conductance for all observation periods
(Fig. 3). This is most common in C; plants with high photo-
synthetic rates and a well-watered condition, but is also
observed in water-stressed plants with low CO, uptake rates
(Schulze and Hall 1982). In the wet months of January
and March, when leaf osmotic potential was at a maximum
of about —1.0 MPa (Fig. 1), leaf conductance was at its
highest level, exceeding 4 mm s~! near midday. In May
and September, when leaf osmotic potential fell to about
—2.0 MPa, leaf conductance was maximal in the morning
(~0800) and then dropped to a relatively constant value
for the rest of the day. During extreme soil drought condi-
tions in July and November, when leaf osmotic potentials
averaged —3.0 MPa, only a brief morning peak of very
low leaf conductance was observed. Thus, the leaf water
vapor conductance pattern progressed from a broad peak
of relatively high conductance centered at midday during
periods of high water potential to a brief peak of very low
conductance in the early morning at the times of maximum
water stress. This differs from the two-peaked pattern of
the C; shrub Larrea divaricata, which tends to exhibit a
midday depression in leaf conductance throughout the year
{(Oechel et al. 1972).

The post-morning closure of stomata during times of
high atmospheric water demand or low soil water potential
is more complete in tree rosettes during flowering than in
rosettes of young, unbranched plants (Fig. 4). This may
be a function of greater leaf area and thus greater water
loss in trees, or of water loss by reproductive structures
which were abundant on trees during May. Leaf conduc-
tance was slightly higher on the adaxial surfaces than abax-
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ial surfaces at midday but lower at the beginning and end
of the day in both January and May (Fig. 4), reflecting
the diurnal pattern of PAR interception.

The temperature optimum of photosynthesis shifted
4.5° C per 10° C change in growth temperature (Fig. 6),
which would result in an overall 10° C to 12° C change
in the temperature optimum over the range of temperatures
experienced in the field. This is comparable to seasonal
temperature acclimation in other desert perennials (Lange
etal. 1974; Mooney et al. 1978; Badger et al. 1982) and
in other C; yuccas from desert habitats (Kemp and Gar-
detto 1982). The maximum photosynthetic rate of Y. brevi-
folia changed as the temperature optimum did, being high-
est under moderate (31° C/17° C) growth temperatures.
This differs from Larrea divaricata, which maintains a rela-
tively constant maximum photosynthesis rate with acclima-
tory shifts in the temperature optimum (Mooney et al.
1978). The temperature acclimation response in Y. brevifo-
lia was largely due to changes in the CO, residual conduc-
tance, rather than stomatal factors, and so can be ascribed
to biochemical and/or biophysical factors at the mesophyll
level, which is consistent with findings on many other spe-
cies (e.g., Lange et al. 1974; Mooney et al. 1978).

The observed temperature acclimation of Y. brevifolia
results in photosynthetic rates being within 20% of the max-
imum from 12° C to 22° C for the plants grown at low
temperature (20° C/9° C), from 17° C to 29° C for the mod-
erate temperature (31° C/17° C) plants, and from 23° C to
32° C for the high temperature (40° C/25° C) plants. Based
on the prevailing temperatures prior to each field observa-
tion date and leaf temperatures during the observations,
leaves would be at near optimum temperature (within 20%
of maximum potential photosynthesis) for approximately
6 h per day in January, 10 h in March, 13 h in May, and
10 h in September; each optimum period overlapped the
midday period. However, in July leaf temperatures near
the optimum occurred for only 2 h (0700 to 0900) in the
morning. Thus, photosynthesis by Y. brevifolia is better
adapted to the moderate temperatures of spring and fall
than to the high temperatures of summer. Furthermore,
the temperature optimum of photosynthesis in desert plants
can decrease up to 7° C to 10° C due to water stress (Nobel
et al. 1978), so that temperatures in July would possibly
be above the optimum range throughout the daylight
period.

Yucca brevifolia can survive leafl temperatures well be-
low 0° C and above 50° C, with a lower tolerance based
on stain uptake of approximately —11° C and an upper
tolerance of 59° C (Fig. 8). The respective tolerances of the
photosynthetic apparatus, as measured by increases in the
chlorophyll fluorescence rise, were —6° C and 57° C. This
upper temperature is slightly higher than those observed
for several other perennials of the Mojave Desert (Downton
et al. 1980). Yucca brevifolia showed slightly greater sensi-
tivity to both low and high temperature extremes compared
with several species of Agave from the southwestern United
States {Nobel and Smith 1983). Agaves tend to have much
more massive leaves than does Y. brevifolia, resulting in
leaf temperatures having a potentially greater departure
from air temperature. Indeed, leaf temperatures of Y. brevi-
folia were within 2° C to 3° C of air temperature during
both dry and wet conditions. Furthermore, the tendency
for canopies of Y. brevifolia to occur well above the ground
surface removes the leaves from its high temperature ex-

tremes, to which agaves are often fully exposed. As a result,
leaf temperatures of Y. brevifolia appear not to reach their
high temperature limit of 57° C or more in most Mojave
Desert habitats. However, Y. brevifolia can occur in conifer-
ous forest habitats above 2,000 m, where the lower tempera-
ture tolerance of —11° C may be a significant factor in
determining its upward elevational limit.

Daily CO, uptake slightly exceeded 0.1 molm~*d~!
from January through May (Fig. 7), during which time 80%
of the yearly CO, uptake occurred. In other months of

_the year, net CO, uptake was below 0.02 molm~2d"1,

and it was non-existent in July during the summer rainless
period. Overall predicted yearly CO, uptake in Y. brevifolia
was 22molm™ 2y~ !. The plant’s total leaf surface area
of 1.66 m? leads to a CO, fixation of about 36 mol (1.58 kg)
of CO,. Assuming that 1 kg of CO, fixed leads to 0.68 kg
dry weight, this would result in a productivity of approxi-
mately 1.07 kg dry weight, which is greater than the dry
weight of the leaf canopy of 0.95 kg (Table 1). Since field
observations indicate that only about 25% to 30% of the
leaf rosette is replenished with new leaves in a given year,
a large amount of carbohydrate is available for stem and
root growth, maintenance respiration, and storage.

The annual water cost of carbon gain (the transpiration
ratio) was 700 in Y. brevifolia. This is slightly high for C,
plants (Osmond et al. 1982), and is higher than the transpi-
ration ratio of 200 to 250 observed in several C; Sonoran
Desert shrubs (Szarek and Woodhouse 1977). The seasonal
increase in the transpiration ratio of Y. brevifolia with water
stress is similar to that observed in the C; Ceratoides lanata
in the Great Basin Desert, which varied from approximately
250 in the spring to well over 1000 in mid-summer (Caldwell
et al. 1977). However, almost complete stomatal closure in
Y. brevifolia throughout the dry summer period results in
the mid-summer period having only a minor influence on
yearly water loss and thus water cost of carbon gain.

In conclusion, the combination of a moderate photosyn-
thetic rate and a high leaf area index enables Y. brevifolia
to exhibit substantial productivity during the winter-spring
growth period. Because photosynthetic light saturation oc-
curs at a relatively low PAR level in this species and since
rosette geometry results in a fairly uniform distribution of
PAR, a large leaf surface area can be near light saturation
during a majority of the day. Acclimation of the photosyn-
thetic apparatus allows the optimal temperature for photo-
synthesis to be close to prevailing air temperatures for most
of the year. Although the low temperature tolerance of its
leaves may limit its range at higher elevations, the leaves
of Y. brevifolia are apparently able to tolerate even higher
temperatures than it encounters in the field. Stomatal con-
trol of water loss allows the leaves to be maintained during
the summer and fall dry seasons. In this regard, while many
other Mojave Desert perennials are drought-deciduous,
Y. brevifolia retains an evergreen canopy.
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